In this paper, a dielectric layer is introduced to tune circular dichroism (CD) of chiral plasmonic metasurfaces. The dielectric layer is used to control the optical phase of electric diploes in Born-Kuhn configurations. To prove our assumption, an L-shaped plasmonic metasurface consisting of two metallic slices is prepared by glancing angle deposition, and then an SiO 2 slice is deposited on one arm of the L-shaped metasurface. Experimental results reveal that CD of the L-shaped plasmonic metasurface can be tuned by the thickness of the SiO 2 slice. These findings not only contribute to a better understanding of the CD physical mechanism, but also can be used in nanophotonic metasurfaces because of the concise fabrication process.
Introduction
Circular dichroism (CD) originated from the different absorption coefficients for left circularly polarized (LCP) and right circularly polarized (RCP) light in chiral structures. Most naturally chiroptical effects are inherently faint because the dipole moments of the chiral molecules occur over a markedly smaller distance than the helical pitch of circularly polarized light [1, 2] . Meanwhile, artificial chiral plasmonic nanostructures (CPNs) can solve this problem by enhancing the chiral response by light matter interactions [3] [4] [5] [6] . Recently, the chiroptical effects of CPNs gathered considerable attention because of their advantageous applications, such as circular polarization [7, 8] , negative refraction [9] , and bio-sensing [10] .
CD may arise from different mechanisms. Previous studies have shown that CD of CPNs stems from the electric or magnetic dipole mode [6, 11] . In general, certain CPNs can produce both electrical and magnetic responses, and CD originates from the coupling interaction when magnetic dipole is not perpendicular to electric dipole of CPNs. To generate the coupling interaction, several researchers have considered oblique incidence to excite the extrinsic chirality of nanostructures regardless of whether these nanostructures are chiral or not [12] [13] [14] . When parallel nanorice heterodimers are illuminated at oblique angles, the coupling of the electric dipole and magnetic dipole of two nanorices results in CD [14] . In addition, several researchers indicated that the magnetic and electric responses of CPNs can be switched by changing the polarization of incident light or thickness of structure [15, 24] . The different electric diploes coupling can also achieve CD. Ag nanohelixes are proposed to produce different collective charge oscillations along the helix. CD is attributed to the coupling between electric dipoles of adjacent pitches and can be tuned by the half-pitch of helix [7, [16] [17] [18] [19] [20] . According to recent studies, CD can be interpreted by two cross electric diploes in bi-layer CPNs, specifically, the bonding and antibonding modes of Born-Kuhn (B-K) configuration. Under LCP and RCP light, the twist charge oscillation modes produce a phase retardation effect, which leads to CD [21] [22] [23] [24] [25] .
In this paper, a dielectric layer is introduced to control the optical phase of electric diploes in B-K model. To realize this assumption, we designed L-shaped plasmonic metasurface (LPM) composed by two separate Ag slices, and used a dielectric SiO 2 slice to cover in one arm of the L-shaped plasmonic metasurface (DLPM) to tune CD. The designed metasurface is fabricated on self-assembled PS sphere templates by using glancing angle deposition (GLAD) in experiment. GLAD is regarded as an industrial technique to fabricate the CPNs because of its low cost and scalability; its mechanism is the geometric shadowing effect [18, 20, [24] [25] [26] . Experimental results show that the DLPM exhibits a strong CD than that of LPM without the SiO 2 slice. By increasing the thickness of SiO 2 slice, the optical phase variation of cross-electric dipoles on the two metallic slices increases, resulting in increasing CD. These findings not only contribute to a better understanding of the CD physical mechanism but also can be used in preparing nanophotonic metasurfaces because of the concise fabrication process. 
Results and discussion
The fabrication of the DLPM starts with the self-assembled polystyrene (PS) nanosphere (diameter d = 380 nm) monolayers on glass substrates with size of 1.1 cm × 2.4 cm. More details on the preparation of the PS nanosphere can be found in our previous work in [24, 25] . Four steps of deposition are needed to fabricate the DLPM through GLAD. Both depositions adopted the same tilt angle of θ = 86° with respect to the normal substrate, as shown in figure 1 . Here, ϕ is defined as the angle of the substrate azimuthal orientation. In the first step, Ag vapors are deposited onto monolayers with ϕ = 0°. In the second step, the substrate is rotated clockwise at an angle of ϕ = 30° for the deposition of SiO 2 vapors. In the third step, the substrate is rotated clockwise at an angle of ϕ = 120° to deposit Ag vapors, and then the L-shaped nanoslices is achieved. In the fourth step, SiO 2 vapors are deposited on one arm of the L-shaped nanoslices with ϕ = 120°. The second deposition is used to separate the two arms of the L-shaped nanoslices. The thicknesses of different layers are controlled by the deposition time of the E-beam evaporator. This deposition can form the left-helical DLPM (L-DLPM), and for the right-helical DLPM (R-DLPM), the substrate is rotated anticlockwise at angles of ϕ = −30° and −120° in the second and third steps. To illustrate the mechanism for forming different domains, we define each domain by using the azimuthal angle ϕ 0 with respect to the first Ag deposition ϕ. The initial ϕ can be degenerated as ϕ = ϕ 0 + n · 60° because of the symmetry of the hexagonal close-packed lattice for 0° ⩽ ϕ 0 < 60°, where n is an integer. As shown in figure 2(a), ϕ 0 = 0°, 11°, 28°, 57°. In simulation, we choose one domain with an orientation of 11°. The blue arrows denote the first deposition Ag (marked as A 1 ), second deposition SiO 2 (marked as S 2 ), third deposition Ag (marked as A 3 ), and fourth deposition SiO 2 (marked as S 4 ). Due to the random direction of the hexagonal close-packed PS nanospheres, SiO 2 is deposited either on the long arm of L-shaped nanostructure or on the short arm. The relevant higher-magnification SEM images are shown in figures 2(b)-(e) . To measure the actual length and width values of the L-DLPM, we performed a statistical study on the domain distribution of side length. As illustrated in figure 2(b) , the measured length and width values of the L-DLPM are l 1 = 200 nm, l 2 = 210 nm, w 1 = 110 nm, and w 2 = 100 nm, respectively. Figures 2(f) and (g) shows the transmission electron microscopy (TEM) of the cross-sections of the L-DLPM. Ag slices and SiO 2 slice are presented by the yellow and blue dashed lines, respectively. The two Ag slices are separated by the SiO 2 gap. The actual thickness of each Ag or SiO 2 slice is estimated to be about h = 30 nm and t = 40 nm, which proportionately decreased due to oblique incident of vapor source, varying from the deposited thickness (H = 50 nm and T = 50 nm) set in the E-beam evaporator. In this paper, the thickness of fourth SiO 2 slice is varied to tune the CD of the DLPM.
The CD spectra were measured with normal incidence of light from λ = 450 nm to 850 nm by Chirascan (Applied Photophysics Ltd.). The absorbance signals difference CD is given by θ (mdeg) = 33 000 * ∆A, where ∆A is the absorbance difference of LCP and RCP irradiations. Figures 3(a) and (b) depict the unpolarized absorption of the PS nanosphere, the LPM, and the DLPM with the thicknesses of Ag and SiO 2 fixed at H = 50 nm and T = 50 nm, respectively. The black line marked as 'PS' represents the absorption peak of the PS nanosphere, which is the first diffracted order of manolayer nanosphere arrays [25] . A broad peak appears at λ = 650 nm, and this peak corresponds to the localized surface plasmon resonance (LSPR) of the Ag layer. The unpolarized absorption of the LPM and the DLPM showed no distinct handedness-dependent feature. The CD spectra of the LPM and the DLPM are shown in figures 3(c) and (d). For the L-DLPM, the spectrum shows negative CD signals at around λ = 635 nm and λ = 495 nm, meaning that the absorption of LCP light is less than that of RCP light. The positive CD signals occur at around λ = 535 nm due to the stronger excitation efficiency of LCP light than that of RCP light. Here only the two modes of λ = 635 nm and λ = 535 nm are considered because of the first diffracted order at λ = 515 nm. The CD spectra for the L-DLPM and R-DLPM are in mirrored symmetry to each other. Due to the anisotropy morphology of the individual DLPM, linear dichroism (LD) and birefringence may not be negligible. We measured the CD spectra of the LPM and the DLPM at different azimuthal orientations with respect to the substrate. As shown in figures 3(e) and (f), the rotation measurement spectra show robust CD signals with varied azimuthal orientations of sample, which reveal the linear anisotropy effects are ignorable in CD spectra; namely, the CD mainly come from chirality of the L-shaped Ag slices.
To study how the SiO 2 thickness influences the CD signals of the DLPM, we presented the CD spectra with increasing T in figure 4(a) . With the increase in thickness T from 0 nm to 75 nm, the values of CD modes at around λ = 635 nm (marked as I) and λ = 535 nm (marked as II) of the L-DLPM are both enhanced and red shifted. The same trends of enlargement and red shift also occurred in the R-DLPM with increasing T. In addition, the dissymmetry factor g, a dimensionless quantity factor, is a parameter to evaluate the chirality of a chiral structure. The g factor of the DLPM is calculated as shown in figure 4(b) . The g factor is defined as g = ∆A/A, where ∆A = CD (mdeg)/33 000 is the differential absorption between LCP and RCP light and A is the unpolarized absorption. The g factor characteristics of enlargement and red shift with increasing T are similar with that of the CD spectra. The magnitude of the g factor can reach 0.02 at the peak of λ = 535 nm for the L-DLPM.
To explore the mechanism of the tunable CD, the absorption of the L-DLPM arrays is numerically simulated by the finite element method (COMSOL Multiphysics). Figure 5 (a) illustrates the simplified geometric models of the L-DLPM arrays, in which the height difference between two slices is ignored. The refractive index of air and SiO 2 is regarded as 1 and 1.45, respectively. The frequency dependent permittivity of silver is taken from the [27] , modified to include the size effect. The excitation sources are RCP and LCP light along the −z direction and the magnitude of the incident electric field is set at 1 V m −1
. The infinite array simulated using periodic boundary For investigating the CD mechanism, the characters of the L-DLPM under LCP and RCP illumination have been analyzed. The near-field charge density distributions are examined at resonant wavelengths, as depicted in figure 6 . For convenient analysis of the modes, the equivalent electric dipole moments are marked by black arrows and labeled as 'P a ' and 'P b '. In mode i at λ = 650 nm for the LCP light, the effective charge oscillation on one slice forms the equivalent electric dipole P a along the diagonal of slice, and electric dipole P b of the other slice is along the short axis of slice. The strong near-field coupling of the two cross electric dipoles forms the bonding mode (B-K model), the vector of which is at an angle [22] . The two electric dipoles can be taken as antibonding mode for the RCP light. The P a needs to rotate clockwise to parallel to the P b , as shown by the pink dotted arrow, which exerts a negative effect on LCP [28] . While for RCP light the P a also needs to rotate clockwise to parallel to the P b (marked as the red dotted arrow), and shows positive effect on RCP. This different effect results in the negative CD dip. Similarly, at mode ii, the bonding mode has positive effect on LCP whereas the antibonding mode has negative effect on RCP, which produces the positive CD peak. Due to the introduction of the dielectric SiO 2 slice upon one arm of the nanoslices, the optical phase of the P b is larger than the P a . As the thickness of dielectric SiO 2 slice increases, the phase retardation effects of the two cross electric dipoles become more evident, and CD is enhanced.
Conclusion
In summary, a method for controlling the phase difference of Born-Kuhn model to generate tunable CD is proposed. Experimental results show that the designed L-shaped plasmonic metasurface can produce enhanced CD with the increasing thickness of the dielectric SiO 2 slice. Under LCP and RCP illuminations, the two cross electric dipoles in two Ag arms provide a phase difference owing to the varied di electric environment of SiO 2 slice, which results in the CD signals. This study not only provides a concise and scalable method for fabricating chiral plasmonic metasurfaces but also contributes to the understanding of the CD generation mechanism.
